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The one- and two-photon optical absorption spectra as well as the frequency dependent
third-harmonic generation response of a side-chain polymer containing 4-dialkylamino48-nitro-stilbene ~DANS! as its side group have been measured over a wide range of frequency. A
three-state model, based on an intermediate neglect of differential overlap/multireference
double-configuration interaction description of the excited states, provides a coherent picture of the
dynamic response of DANS, but fails in reproducing the red shift observed when going from the
linear to the nonlinear absorption spectra; including vibronic coupling within the Franck–Condon
approximation improves the fit. © 1995 American Institute of Physics.

I. INTRODUCTION

Numerous experimental and theoretical studies have recently focused on the nonlinear optical ~NLO! properties of
organic materials.1– 4 Among these, push–pull conjugated
molecules, which possess easily polarizable electron clouds
and asymmetric charge distributions, have received considerable attention due to their high second-order polarizability,
b, values. Such compounds are attractive for applications as
efficient second-harmonic generators and fast waveguide
electro-optical modulators.
The charge transfer occurring in the donor-conjugated
bridge-acceptor systems can also lead to a significant enhancement of the third-order response.5– 8 In a recent theoretical investigation, we have analyzed in depth the influence
on the cubic nonlinearities of grafting in both symmetric and
asymmetric ways of electron-donating and electronwithdrawing moieties to a polyene segment.9 According to
the results of these calculations,8,9 the major contribution to
the static value of the third-order polarizabilities, g, of
donor-acceptor polyene derivatives in weakly polar media
originates from the so-called dipolar term that involves the
difference between the dipole moments in the ground state
and in the lowest charge-transfer excited state; in that case, a
two-state model should be adequate to describe both the quadratic and cubic dynamic response of push–pull compounds
near resonance, a feature which has been demonstrated by
Dirk and Kuzyk in the case of p-nitroaniline.10 With that in
mind, Torruellas et al. have tentatively modeled the dispersion of the third-order nonlinear susceptibility of di-alkylamino-nitro-stilbene ~DANS! side-chain polymer with a twostate model.11 Although these authors obtained a good fit for
the frequency dependent phase of the cubic response, the
agreement between the amplitude of the third-order nonlin7834
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earity measured experimentally and evaluated on the basis of
the two-state model was poor, especially in the high-energy
domain of the spectrum; there, the two-state approximation
breaks down and more sophisticated models are required.
In this work, we first measure the frequency dependent
third-harmonic generation ~THG! process as well as the onephoton absorption ~OPA! and two-photon absorption ~TPA!
spectra of a DANS side-chain polymer. We then investigate
the nature of the excited states that primarily contribute to
the description of the optical response of the DANS molecule in the frequency range spanned by the experimental
data, by using a theoretical approach based on the perturbative formalism. Due to the strong electron–phonon coupling
characterizing conjugated compounds, the equilibrium geometries in the ground state and in excited states generally
differ. As a consequence, excited-state vibrational levels may
be involved in the transitions, a feature which leads to the
appearance of a vibronic structure in the frequency dependent linear and nonlinear optical response. Note that coupling to matrix vibrations or phonons for organic molecules
in organic solvents usually is only observed at cryogenic
temperatures, where heterogeneous and lifetime broadening
is reduced and electron–phonon coupling may be observed.
As pointed out by the fitting procedure exploited by Van
Beek et al.12 and Aramaki et al.,13 as well as by the more
recent theoretical investigation performed by Soos and
Mukhopadhyay14 concerning the THG spectrum of
b-carotene, one needs to consider such a vibronic structure
for a proper description of the shape of the various resonant
peaks observed experimentally. In the second part of the
theoretical study, we thus include the vibronic structure
within the Franck–Condon approximation to calculate the
OPA, TPA, and THG dispersion spectra of the DANS mol-
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ecule. To this aim, we have measured the Raman spectrum of
DANS ~it is important to stress that the Raman spectrum of
DANS is used to identify the vibrational modes that are
dominant in the ground state of the molecule; however, these
usually offer a good estimate of the vibrational modes in the
excited state! and calculated the excited-state bond orders in
order to get some information concerning the excited-state
potential energy curves as well as the vibration frequencies
of the main vibrational normal modes.

II. EXPERIMENTAL ASPECTS

For the THG experiments, samples consisted of the sidechain polymeric layers containing DANS as the active moiety, at a 40% loading level. Thicknesses of approximately
100 nm were obtained by spin coating on top of fused silica
substrates at 3000 RPM for at least 20 s. After spinning, the
films were cured/annealed on a hot plate to drive out remaining solvent and reduce any mechanical stresses. In the case
of the TPA measurements, 300 mm thick films were prepared
by solution casting.
Our THG setup has been described previously.11 We recall, briefly, that it consists of an injection seeded
Q-switched Nd:YAG laser frequency doubled with a type II
KDP crystal, which successively pumps a dye laser or a 1 m
long H2 Raman cell. In order to generate wavelengths beyond 1500 nm, a LiIO3 downconvertor was implemented,
mixing the output of the dye laser and the fundamental
wavelength of the Nd:YAG laser. We obtained tunable wavelengths between 0.7 and 2.2 mm, which were then focused
into a vacuum cell where the THG sample was located. Rotating such a sample while exposed to the near IR radiation
produced Maker fringes, which were detected and analyzed
taking into account losses at the third harmonic and multiple
reflections. The third-order susceptibility, in magnitude and
phase, was self referenced in this experiment to that of fused
silica. The third-order susceptibility of fused silica was taken
as real and positive and equal to 1.5310214 esu.
Three different laser systems were used in the TPA measurements, in order to eliminate possible excited state contributions to the nonlinear loss measurement. In addition,
fluence-dependent measurements were performed. In all
cases, no laser pulsewidth and no fluence dependence were
observed, identifying the reported values as purely multiphotonic and instantaneous in nature. A 76 Mhz Kerr lens modelocked laser producing either 3 ps or 150 fs pulses was used,
covering the range of 760 to 965 nm; a 10 Hz 35 ps Nd:YAG

g i jkl ~ 2 v s ; v 1 , v 2 , v 3 ! 5
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laser was used to gather data at 1064 nm; finally, we used
pulses from a Nd:YLF pumped OPG&OPA ~Optical Parametric Generator and Amplifier! system operating at 10 Hz,
tuned between 1200 and 1600 nm. The method used to determine the two-photon absorption involves the so-called
open-aperture Z-scan technique. The latter system allowed us
to prove that only a single TPA resonance was present in the
optical transparency region of the DANS side-chain polymer.
The Raman spectrum of DANS has been obtained using
the FT-Raman technique under excitation with an Nd:YAG
laser at 1064 nm. The spectrum was recorded for solid
DANS ~which causes some of the peaks to be split into doublets as a result of Fermi resonance! with a Bruker RFS-100
FT-Raman spectrometer.

III. THE THREE-STATE MODEL

On the basis of the ground-state geometry of the DANS
molecule ~optimized at the Hartree–Fock semiempirical
Austin Model 1 ~AM1!15 level!, we describe the lowest singlet excited states by means of the intermediate neglect of
differential overlap ~INDO! Hamiltonian16 coupled to the
multiReference double configuration interaction ~MRD-CI!
technique.17 Such a formalism is based on a two-step selection of the electronic configurations, each step being based
on single- and double-excitation configuration-interaction
~SDCI! calculations. Globally, triply, and quadruply excited
configurations with respect to the Hartree–Fock determinant
are taken into account at a cost largely inferior to that of a
conventional quadruple configuration interaction calculation.
As pointed out by Tavan and Schulten in the case of polyenes, for systems of the size of DANS, the MRD-CI scheme
provides transition energies for the lowest excited states to a
degree of precision close to that obtained within the quadruple CI approach.18
The excitation energies, state dipole moments, and transition dipole moments evaluated by the INDO/MRD-CI
scheme are then included in the sum-over-states ~SOS! formalism to evaluate the components of the first- and thirdorder polarizabilities, respectively ai j and gi jkl . By considering a power expansion of the energy with respect to the
applied field, the ai j and gi jkl Cartesian components are
given by19,20

a i j~ 2 v , v !5

1
^ 0 u m i u m &^ m u m j u 0 &
P ~ i, j;2 v , v !
,
\
mÞ0 ~ v m0 2 v 2iG m0 !

(

1
P ~ i, j,k,l;2 v s , v 1 , v 2 , v 3 !
6\ 3
3

S( ( (

2

( (
mÞ0 nÞ0

mÞ0 nÞ0 pÞ0

^ 0 u m i u m &^ m u m j u n &^ n u m k u p &^ p u m l u 0 &
~ v m0 2 v s 2iG m0 !~ v n0 2 v 2 2 v 3 2iG n0 !~ v p0 2 v 3 2iG p0 !

^ 0 u m i u m &^ m u m j u 0 &^ 0 u m k u n &^ n u m l u 0 &
~ v m0 2 v s 2iG m0 !~ v n0 2 v 3 2iG n0 !~ v n0 1 v 2 2iG n0 !
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where P(i, j,k,l;2 v s ; v 1 , v 2 , v 3 ) is a permutation operator
defined in such a way that for any permutation of (i, j,k,l),
an equivalent permutation of ~2vs ;v1 ,v2 ,v3! is made simultaneously; vs5v11v21v3 is the polarization response
frequency; v1 , v2 , v3 indicate the frequencies of the perturbing radiation fields; i, j, k, and l correspond to the molecular
axes x, y, and z; m, n, and p denote excited states and o, the
ground state; m j is the j (5x,y,z) component of the dipole
operator ( ^ m u m̄ j u n & 5 ^ m u m j u n & 2 ^ o u m j u o & ] mn ); (h/2 p ) v mo
is the transition energy between the m and o states and Gmo
is the damping factor of excited state m ~that we set to 0.07
eV for all excited states!. The average values of a and g are
expressed as follows:

^ a & 5 31 ~ a xx 1 a y y 1 a zz ! ,

photon term, denoted term T, involving a two-photon state
~or a band of two-photon states! (S n ) characterized by large
transition dipole moment (M 1n ) values with S 1

g xxxx }2

E 301

1

M 201 D m 201
E 301

1

(n

M 201 M 21n
E 201 E 1n

~5!

.

In a similar way, the linear response is often dominated by a
single excited state ~S 1! and the only term contributing to the
expression of axx has the following form:

a xx }

M 2ge
E ge

~6!

.

Note that this term is contained in the N term of the simplified model for gxxxx .
In Table I, we collect the static longitudinal component
and average values of g obtained on the basis of the 20
lowest excited states as well as the individual contributions
of the N, D, and T terms. As in the case of push–pull polyenes, the third-order response of DANS at the static ~zerofrequency! limit is mainly determined by the dipolar term,
the two other terms nearly cancelling each other. The high
value of the D term, which results from the charge transfer
occurring in the excited state, explains the 4.4-fold enhancement of the cubic polarizability that we calculate when going
from trans-stilbene ~^g&55.9310236 esu! to DANS
~^g&533310236 esu!; this result is in good agreement with
the relative magnitude of g, measured with the THG technique in these two molecules ~^g& is measured to raise by a
factor 5.7 between stilbene and DANS!.22 The linear optical
response of DANS is dominated by the charge-transfer excited state, S 1 , as illustrated by the similar values of the
linear polarizability calculated ~i! when 20 states are involved in the SOS formalism and ~ii! on the basis of a twostate ~one-term! model.
We now turn to the dynamic response of DANS. In Fig.
1, we present the one- and two-photon absorption spectra as
well as the third-harmonic generation frequency dependent
curve simulated by considering the 20 lowest singlet excited
states ~hereafter denoted as model 1!; the main INDO/
MRD-CI excitation energies and dipole moments are given
in Table II. In the energy domain that we have investigated,
three main peaks ~denoted I, II, and III in order of increasing
energy! are observed for the linear optical absorption and the
third-harmonic generation process. The first feature ~peak I!
on the linear absorption spectrum corresponds to the electronic transition from the ground state to the lowest energy
singlet excited state ~S 1! with a charge transfer character; S 1
is mainly described by the promotion of one electron from
the highest occupied molecular orbital ~HOMO!, character-

~3!

^ g & 5 51 ~ g xxxx 1 g y y y y 1 g zzzz 12 g xxy y 12 g xxzz
12 g y yzz ! .

M 401

~4!

To calculate the third-harmonic generation frequency dependent curve, we apply Eqs. ~2! and ~4! for various radiation field frequencies by considering v15v25v35v. The
one- and two-photon absorption spectra are obtained by
evaluating for different values of v, the products
v* Im@^a&~2v;v!#
@Eqs.
~1!
and
~3!#
and
v* Im~^g&~2v;v,v,v!! @Eqs. ~2! and ~4!#, respectively. In
order to take into account the different possible sources of
inhomogeneous broadening, the dispersion curves are then
convoluted by Gaussian functions. We note that the calculations in this work are performed on isolated molecules without explicit consideration of dielectric medium effects.
To uncover the nature of the essential states in the description of the first- and third-order responses of the DANS
molecule, we first calculate the linear and cubic polarizabilities, a and g respectively, by including the lowest 20 singlet
excited states in the SOS formalism. In push–pull conjugated
compounds, the longitudinal component ~main component!
of the cubic nonlinearity tensor, gxxxx , can often be described
by a simplified model involving the electronic characteristics
of three states.5 Within such a three-state model, the main
contributions to the expression of gxxxx arise from the following three terms: ~i! a negative term, denoted term N,
involving only the transition dipole moment ~M 01! from the
ground state ~S 0! to the lowest singlet charge-transfer excited
state ~S 1! strongly coupled to S 0 , as well as the corresponding excitation energy ~E 01!; ~ii! a dipolar term, denoted term
D, controlled by the difference ~Dm01! between the dipole
moments in the ground state and the charge-transfer excited
state S 1 ; this term is equivalent to the only one taken into
account in the two-state model developed by Oudar and
Chemla for second-order responses;21 and ~iii! the two-

TABLE I. Chain-axis component, gxxxx [ a xx ], and average value, ^g&@^a&#, of the third- @first-# order polarizabilities calculated for DANS by considering the
20 lowest singlet excited states in the sum-over-states formalism. We also include the contributions of the N, D, and T terms ~see text! to the gxxxx value as
8 .
well as the two-state evaluation of axx which is denoted a xx

axx
~10224 esu!

^a&
~10224 esu!

8
a xx
~10224 esu!

gxxxx
~10236 esu!

^g&
~10236 esu!

N
~10236 esu!

D
~10236 esu!

T
~10236 esu!

N1D1T
~10236 esu!

31.3

11.8

25.0

142

26.1

2106

188

109

191
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FIG. 1. INDO/MRD-CI/SOS simulation of the frequency dependent curves
in DANS, calculated on the basis of the lowest 20 singlet excited states
~model 1!: ~a! one-photon optical absorption spectrum ~OPA!; ~b! twophoton optical absorption spectrum ~TPA!; and ~c! amplitude of the thirdharmonic generation process ~THG!.
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ized by a large contribution of the dimethylamino moiety, to
the lowest unoccupied one ~LUMO!, which displays an important weight on the nitro group. The overlap between the
wave functions of the HOMO and LUMO levels explains the
large transition dipole moment associated with the S 0 →S 1
excitation and the related high intensity of the resonant peak.
Peak II on the optical absorption curve involves another
charge transfer excited state ~S 2! having a smaller oscillator
strength with the ground state and strongly coupled to S 1 via
a large transition dipole moment; its wave function results
from the mixing of several electronic configurations and is in
fact similar to that of the 2A g state of polyenes, while S 1
would correspond to the polyene 1B u state.23 In Fig. 2, we
present the effective p-charge distribution, calculated on the
basis of an orthogonal basis set, in the S 0 , S 1 , and S 2 states
of the DANS molecule. In the ground state, the strong interaction between the dimethylamino p-orbital and the HOMO
level of the stilbene unit gives rise to a charge transfer
mostly from the donating group to the conjugated bridge,
which acts as a buffer. In the S 1 excited state, a more efficient long distance charge separation occurs between the end
groups, leading to a large increase of the dipole moment. An
even larger p-electron withdrawal by the nitro group is calculated in S 2 , with part of the charge transferred to the acceptor group provided by the conjugated bridge. The highenergy feature ~peak III! on the one-photon optical
absorption spectrum results from excitations involving molecular orbitals that are localized on the phenylene rings;
such optical transitions have also been observed in poly~paraphenylene vinylene! @PPV#, and its oligomers.24 In the THG
process, peaks I and III are described by three- and twophoton resonances to S 1 , respectively; peak II, which appears as a shoulder of peak I on the THG spectrum, is related
to a three-photon resonance to S 2 . Due to the low symmetry
of the geometric and electronic structure of DANS, both S 1
and S 2 states are two-photon allowed and give rise to the two
features on the TPA spectrum ~peaks I and II!.
From these calculations, it thus appears that three states
~S 0 , S 1 , and S 2! dominate the description of the low-energy
optical response of DANS. We now compare to the experimental data relative to the OPA, TPA, and THG processes,
the theoretical results obtained by taking only the S 0 , S 1 , and
S 2 states into account ~approach hereafter denoted model 2!.
In this case, the various frequency dependent curves are
simulated on the basis of the experimental excitation energies for S 1 and S 2 ~Fig. 3!; the different parameters used
~experimental excitation energies, INDO/MRD-CI transition
and state dipole moments, homogeneous and inhomogeneous
broadenings! are included in Table II. If Gaussian functions
with full width at half maximum ~FWHM! G150.05 eV
give a reasonable fit to the experimental data for the nonlinear spectra, we were forced to consider a much larger broadening, G250.25 eV, to try and reproduce the width of feature I in the linear optical absorption spectrum. From Fig. 3,
we observe that the general shapes of the measured THG
curves, both the amplitude and the phase, are well reproduced by the calculations. It should be stressed that by taking
into account the experimental transition energies, peaks II
and III in the THG spectrum ~related to states S 1 and S 2 ,

J. Chem. Phys., Vol. 103, No. 18, 8 November 1995
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TABLE II. Excitation energies ~E 01 , in eV!; electronic transition dipole moments ~mi j , in Debye!; state dipole moments ~mii , in Debye!; homogeneous ~G,
in eV! and inhomogeneous ~G1 and G2, in eV! broadenings ~cfr text!; vibration mode frequencies ~h n v , in eV! and displacements of the potential energy
curves (b iv ) considered in the various models applied to simulate the frequency dependent curves in DANS. Model 1 includes the lowest 20 singlet excited
states as described by the INDO/MRD-CI approach; model 2 is a three-state model with experimental excitation energies; model 3 includes the vibronic
structure. The indexes i and j define the quantum number of the excited states; v and v 8 denote the vibrational modes.

a

Model

E 01

E 02

m01

m02

m12

m00

m11

m22

G

G1

G2

1
2
3

3.68
2.90
2.53a

4.66
4.00
3.56a

8.59
8.59
8.59

1.66
1.66
1.66

6.72
6.72
6.72

10.3
10.3
10.3

21.7
21.7
21.7

20.8
20.8
20.8

0.07
0.07
0.07

0.10
0.05
0.05

0.25

hnv

h n 8v

b 1v

b 8v 1

b 2v

b 8v 2

0.195

0.164

1.7

1.1

2.3

1.6

0-0 vertical excitation energies.

respectively! are superimposed, which leads to the good
agreement between experiment and theory in the high-energy
domain; by definition, such a double resonance cannot be
included within a two-state model, which is the reason why

the latter breaks down in the high-energy domain of the
spectrum.11
There are, however, several features that remain unexplained at this level. First, we are unable to correctly fit the

FIG. 2. INDO/MRD-CI effective p-charge distribution in the S 0 , S 1 , and S 2 states of DANS ~with the amino nitrogen atom to the left and the nitro group to
the right!. D, B, and A provide the total effective charge on the donor moiety, the bridge, and the acceptor group, respectively.
J. Chem. Phys., Vol. 103, No. 18, 8 November 1995
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FIG. 3. INDO/MRD-CI/SOS simulation of the frequency dependent curves in DANS, calculated on the basis of the 3-state model with experimental excitation
energies ~model 2!: ~a! one-photon optical absorption spectrum ~OPA!; ~b! two-photon optical absorption spectrum ~TPA!; ~c! amplitude and ~d! phase of the
third-harmonic generation process ~THG!. All the curves are convoluted by Gaussian functions with FWHM (G1)50.05 eV ~solid lines!; for the linear optical
absorption, we also indicate the results obtained for Gaussian functions with FWHM (G2)50.25 eV ~dotted line!. For each process, the experimental data are
indicated by squares.

one-photon optical absorption spectrum, even by considering
Gaussian functions with FWHM as large as 0.25 eV, as a
consequence of the asymmetric character of the first peak,
the theoretical model fails to reproduce the low-energy part
of the curve even though the agreement with experiment is
reasonable for higher excitation energies. Moreover, as resonant feature I in the frequency dependent OPA, TPA, and
THG processes is related to the same excited state ~S 1!, it
should peak for the following excitation energies: respectively, E(S 1 ); 1/2 E(S 1 ); and 1/3 E(S 1 ). Unexpectedly, the
experimental data indicate that the resonant peak in the nonlinear optical spectra is red-shifted with respect to the linear
optical absorption ~this shift is particularly pronounced when
going from the one- to the two-photon absorption spectrum,
where it is observed to be close to 0.15 eV!; such a feature is

not reproduced by the model at this stage and hence further
developments are required. One such development consists
of including the vibronic structure in the construction of the
dispersion curves.

IV. THE VIBRONIC STRUCTURE

For the description of the vibronic structure, we consider
both the Born–Oppenheimer and Franck–Condon approximations, which allow us to factorize each total transition
dipole moment, M i ~m→n; q→r!, into a purely electronic
transition moment, ^ m u m i u n & , and a nuclear factor corresponding to the overlap between two vibration wave functions, F qr
mn

J. Chem. Phys., Vol. 103, No. 18, 8 November 1995
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3N26

M i ~ m→n;q→r ! 5 ^ m u m i u n &

FIG. 4. Sketch of the potential energy curves in the displaced oscillator
model.

M i ~ m→n;q→r ! 5 ^ m u m i u n & F qr
mn ,

~7!

where q[r] denotes the quantum number of vibration in electronic state m[n]. If we devide the vibrational space into
3N-6 normal modes, Eq. ~7! writes

)v

~v ! r ~v !
F qmn
.

~8!

The simulation of the OPA, TPA, and THG spectra is then
performed on the basis of Eqs. ~1!–~4!, with the following
modifications:
~i!
substitution
of
^ m u m i u n & by
M i (m→n;q→r), as given in Eq. ~8!; ~ii! substitution of (m
by ( m ( $ q( v ) % , where ($ q( v ) % denotes a set of summations
over the different vibration states of the various normal
modes considered; and ~iii! substitution of vm0 by vm;q( v ) ,
which corresponds to the sum of the 0-0 electronic transition
energy and the vibrational energy associated to mode v with
quantum number q.
To estimate the overlap functions, F, we adopt the model
of the displaced harmonic oscillators. In that model, an harmonic oscillator is associated with each normal mode of vibration in the ground state. Moreover, we assume that the
normal modes and hence the vibration frequencies are conserved in the excited states, i.e., we do not take into account
possible Duschinski rotation effects,25 and vibronic couplings to higher excited states are neglected. The geometric
relaxation in the excited state is simply taken into account by
imposing that its potential energy curve is displaced with
respect to that of the ground state ~Fig. 4!. Within this approximation, for displacements a v and b v of states m and n,
F writes

FIG. 5. Raman spectrum of DANS.
J. Chem. Phys., Vol. 103, No. 18, 8 November 1995
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~ n !r~ n !
f qmn

5

e 2 ~ b n 2a n !

2 /4
1

~ 2 q ~ n ! 1r ~ n ! q ~ v ! !r ~ v ! ! ! 2

3

(z

2 z ~ 21 ! r ~ v ! 2z ~ b v 2a v ! q ~ v ! 1r ~ v ! 22z q ~ v ! !r ~ v ! !
.
z! ~ q ~ v ! 2z ! ! ~ r ~ v ! 2z ! !
~9!

At this stage, we need to know which are the dominating
normal modes, their frequencies, and the associated displacements of the potential energy curve in the excited states.
Such information is provided by the Raman spectrum of
DANS ~Fig. 5!; the spectrum is dominated by two peaks at
0.195 and 0.164 eV, associated essentially with the stretching
mode of the carbon–carbon double bond within the vinylene
linkages ~peak I, mode v ! and to the breathing mode of the
phenylene rings ~peak II, mode v 8!, respectively. As Raman
intensities ~RI! can be shown to be proportional to the square
of the potential displacements ~b 2!,26 the ratio between peaks
I and II is also the ratio between the displacements squared
associated with each normal mode of vibration
b 2v
RI v
5 2 .
RI n 8 b n
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Figure 7 shows the one- and two-photon absorption
spectra as well as the third-harmonic generation frequency
dependent curve of DANS obtained on the basis of a threestate model including the vibronic structure ~hereafter denoted model 3!; all the parameters used are listed in Table II.
From Fig. 7, we observe good agreement between the results
afforded by this model and the experimental data. The asymmetric character of the one-photon optical absorption spectrum is fully accounted for by including the vibronic structure; most importantly, the theoretical simulation partly
reproduces the bathochromic shift observed experimentally
when going from the linear absorption to the nonlinear processes. Although it proves not to be trivial to account precisely for the origin of such a red-shift, what we can state is
that: ~i! it originates from the vibronic structure @since it is
not observed when a purely electronic model is applied ~see
Fig. 3!#; and ~ii! it results from a different distribution of the
intensities associated with the different vibronic peaks in the
linear and nonlinear spectra @which is not surprising since the
first- and third-order polarizabilities have different SOS
expressions—see Eqs. ~1! and ~2!#. In fact, while the 0-2
transition dominates the linear optical absorption spectrum,
the 0-1 excitation is the most intense for both the THG and
TPA spectra.

~10!

8

We assume this ratio to be the same for both excited states
~S 1 and S 2!; it is estimated to be roughly equal to 2 from the
experimental Raman spectrum. Next, we calculate by means
of the INDO/MRD-CI technique the p-bond orders in the
ground state of DANS as well as the p-bond-order changes
upon excitation from S 0 to S 1 and S 2 ~see Fig. 6!. From Fig.
6, we see that larger bond-order modifications and hence
more pronounced geometric deformations occur in the S 2
state. The bond-order changes in the excited states lead to the
appearance of a quinoı̈d geometric character, especially pronounced in the S 2 state, where the single and double bonds
are exchanged within the vinylene unit. Similarly, the 3A g
state of trans-stilbene, which directly corresponds to S 2 in
DANS, is characterized by more important lattice distortions
than the 1B u state corresponding to S 1 .27 The approximation
that consists in setting the same equilibrium geometries for
the excited states and that has been considered by van Beek
et al. in the simulation of the THG frequency dependent of
the b-carotene molecule, is thus not appropriate in our case.
Consequently, we have associated distinct values of the potential energy displacements, b, in S 1 and S 2 . The b values
that we have considered are collected in Table II; we stress
that we did not calculate these displacements explicitly, but
chose values that lead to theoretical dispersion curves in reasonable agreement with the one-photon optical absorption
spectrum and the third-harmonic generation dispersion
curve. For the stilbene molecule, whose linear absorption
spectrum in films clearly displays a vibronic structure ~which
is not the case of the DANS side-chain polymer spectrum!,
we obtained similar b values for the S 1 state both from the fit
of a similar model to the experimental data and a theoretical
evaluation.28

FIG. 6. INDO/MRD-CI p bond-orders in the ground state of DANS ~a!; and
bond-order changes upon excitation from S 0 to S 1 and S 2 ~b!. The horizontal
axis indicates the site position along the molecule, with the amino nitrogen
to the left and the nitro group to the right. Lines are only a guide to the eye.
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FIG. 7. INDO/MRD-CI/SOS simulation of the frequency dependent curves in DANS, calculated on the basis of the 3-state model including the vibronic
structure ~model 3!: ~a! one-photon optical absorption spectrum ~OPA!; ~b! two-photon optical absorption spectrum ~TPA!; ~c! amplitude and ~d! phase of the
third-harmonic generation process ~THG!. Dashed and solid lines are obtained, respectively, before and after convolution by Gaussian functions with FWHM
(G1)50.05 eV. For each process, the experimental data are indicated by squares.

V. SYNOPSIS

We have measured the OPA and TPA optical absorption
spectra as well as the THG frequency dependent curve of a
side-chain polymer containing DANS as its side group.
Based on an INDO/MRD-CI description of the lowest singlet
excited states, we have calculated the first- and third-order
polarizabilities of DANS by means of the SOS approach; we
have then simulated the OPA, TPA, and THG curves in the
frequency domain covered by the measurements. We found
that a three-state model, including the ground state, S 0 , and
two low-lying charge transfer excited states, S 1 and S 2 , reproduce all the features observed experimentally. In particular, the THG curve displays two resonant peaks associated
mainly with the three-photon resonances to the S 1 and S 2

states. However, at this level, we did not succeed in reproducing the red-shift measured between the linear and nonlinear spectra.
From the experimental Raman spectrum of DANS and
the calculated bond orders in the excited states, we have
collected the information required for the description of the
vibronic structure. Once this structure is taken into account
in the calculations, through evaluation of the Franck–
Condon factors via the displaced oscillators model, a better
agreement is obtained between experiment and theory; the
different distributions of the intensities associated with the
various vibronic features in the linear and nonlinear spectra
partly explain the red-shift observed when going from OPA
to TPA and THG frequency dependent curves. A similar
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model has been successfully applied to reproduce coherent
anti-Stokes Raman scattering ~CARS! experiments recorded
for the same compound.29
To conclude, an appropriate description of the optical
response in conjugated systems requires an accurate description of both the electronic and vibronic structures of the lowest singlet excited states.
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